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Adult fish and salamanders regenerate specific neurons as well as entire CNS areas after injury. Recent
studies shed light on how these anamniotes activate progenitor cells, generate the required cell types,
and functionally integrate these into a complex environment. Some developmental signals and mechanisms
are recapitulated during neuronal regeneration, whereas others are unique to the regeneration process. The
use of genetic techniques, such as cell ablation and lineage-tracing, in combination with cell-type-specific
expression profiling reveal factors that initiate, fine-tune, and terminate the regenerative response in anam-
niotes, with a view to translating findings to non-regenerating species.So the childwent into the forest, and there an agedwoman
met her who was aware of her sorrow, and presented her
with a little pot, which when she said, ‘‘Cook, little pot,
cook,’’ would cook good, sweet porridge, and when she
said, ‘‘Stop, little pot,’’ it ceased to cook.
—Jacob and Wilhelm Grimm (Kinder- und Hausma¨rchen)
The regenerative capacity of the humanCNS is lamentably low
(Gage and Temple, 2013). Specific neuronal cell types that are
lost in degenerative diseases, such as dopaminergic neurons
in Parkinson’s disease (van den Berge et al., 2013) or motor neu-
rons in motor neuron disease (Winner et al., 2014) are never re-
placed. The same holds true for extensive neuron loss in stroke
(Merson and Bourne, 2014) or around a spinal cord injury (David
et al., 2012). What if we had the means to replenish neurons at
will and switch off regeneration when the task is done, in the
same way the pot in the Grimm’s fairy tale provides an unending
stream of sweet porridge (Grimm and Grimm, 1812)?
Anamniote vertebrates, particularly salamanders and fishes,
seem to possess such a pot, as they regenerate entire tissues
in the CNS, such as retina, brain, and spinal cord (Figure 1;
Table 1). While these phenomena have been known for some
time (Kirsche, 1950 and citations therein), we are now in a posi-
tion to gain a deeper understanding of the cellular and molecular
signaling pathways involved (recently reviewed in Berg et al.,
2013; Gemberling et al., 2013; Goldman, 2014; Gorsuch and
Hyde, 2014; Lenkowski and Raymond, 2014). Elucidating how
this regeneration is accomplished at the cellular and molecular
level may answer fundamental questions as to how stem/pro-
genitor cells are directed tomake new neurons, how this process
is initiated and promoted, but also limited in space and time.
Moreover, it is important to understand how regeneration of
appropriate cell types and their integration into an existing, com-
plex CNS environment is achieved.
In this review, we give an overview of the capacity of the CNS
of amphibians and fishes to regenerate neurons. We summarize
recent exciting advances showing that in the brain and spinal
cord, ependymo-radial glia progenitor cells are major contribu-
tors to the repair process. These cells are heterogeneous and
regenerate different functional neurons. Neurogenesis is initi-516 Developmental Cell 32, February 23, 2015 ª2015 Elsevier Inc.ated, promoted, and controlled by regeneration-specific signals;
e.g., from the immune system, and by developmental signals
that are re-deployed in regeneration. We also discuss similarities
to the lesion response in mammals.
Types and Extent of Neuronal Regeneration in the CNS
of Anamniotes
Anamniotes regenerate entire tissues in the CNS, such as the
retina or the caudal spinal cord during tail regeneration, termed
‘‘epimorphic’’ regeneration (Fei et al., 2014). Another form of
neuronal regeneration occurs in the tissue surrounding an injury,
such as stab (Kyritsis et al., 2012; Ma¨rz et al., 2011) or toxic le-
sions (Skaggs et al., 2014). Here, new neurons are integrated
into an existing tissue. We call this ‘‘interstitial’’ regeneration
for the purpose of this review. A third type of regeneration is
observed after specific ablation of individual cell types; e.g., us-
ing specific toxins to ablate dopaminergic neurons (Figure 1)
(Berg et al., 2010). Interstitial regeneration would be needed for
repair of secondary neuron loss around a stroke or spinal injury,
and cell type specific regeneration would be needed in neurode-
generative diseases; e.g., for dopaminergic neurons in Parkin-
son’s disease or motor neurons in motor neuron diseases (David
et al., 2012; Merson and Bourne, 2014; van den Berge et al.,
2013; Winner et al., 2014). This makes it important to understand
how anamniotes accomplish these types of repair.
Salamanders (urodeles) are the only tetrapod models of suc-
cessful regeneration of the adult CNS. A prominent model spe-
cies is the axolotl (Ambystoma mexicanum), which is neotenic,
that is it retains larval features as an adult, such as gills and larval
skin histology, but is fully capable of reproduction. Metamor-
phosis can be induced by injection of thyroxine, which, however,
has little influence on their regenerative capacity (Ehrlich and
Mark, 1977; Voss et al., 2013). Salamanders regenerate their spi-
nal cord as adults (Butler andWard, 1967; Diaz Quiroz and Eche-
verri, 2013). They also regenerate their entire retina (Beddaoui
et al., 2012), large portions of the telencephalon (Maden et al.,
2013) and the optic tectum (Okamoto et al., 2007). Such epimor-
phic regeneration usually begins from a so-called blastema, a
mass of apparently dedifferentiated cells (Echeverri and Tanaka,
2002; McHedlishvili et al., 2012). The spinal cord regenerates
Figure 1. Different Types of Neuronal Regeneration Are Observed in Anamniotes
Examples (in red) shown are epimorphic regeneration of the entire spinal cord in salamanders, interstitial regeneration of neurons in an area surrounding a stab
lesion of the telencephalon or spinal cord transection in zebrafish, and regeneration of specifc cell types; e.g., dopaminergic neurons in the midbrain of sala-
manders after toxin-mediated ablation. The retina of fishes and salamanders is also capable of epimorphic and interstitial regeneration after these types of injury,
which is comprehensively reviewed elsewhere (Goldman, 2014; Gorsuch and Hyde, 2014; Lenkowski and Raymond, 2014).
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regenerate gradually re-express markers of dorso-ventral polar-
ity in the spinal cord (Egar and Singer, 1972; McHedlishvili et al.,
2007; Nicolas et al., 1999; Nordlander and Singer, 1978; O’Hara
et al., 1992; Schnapp et al., 2005). Later differentiation steps that
lead to the regeneration of different neuronal cell types within the
newly differentiating tissue are not well studied. Salamanders are
also capable of cell-type-specific replacement of neurons. After
specific ablation of dopaminergic neurons, mediated by the spe-
cific toxin 6-hydroxydopamine, these are regenerated (Berg
et al., 2010).
In contrast to urodeles, in frogs (anurans) the regenerative ca-
pacity of the CNS ends with metamorphosis. The gradual cessa-
tion of regenerative capacity at the onset of metamorphosis is
studied mostly in the African clawed toad (Xenopus laevis) (Ber-
nardini et al., 2010; Lee-Liu et al., 2014; Yoshino and Tochinai,
2004). Interestingly, there is also a non-regenerative period dur-
ing larval development of the Xenopus tadpole, before and after
which tail regeneration, including spinal cord, occurs (Beck et al.,
2003).
In electrosensory knife fishes, epimorphic regeneration of the
caudal spinal cord, including the specialized neurons of the elec-
tric organ at the tip of their tails, has been observed (Waxman
and Anderson, 1985). Stab lesions to the cerebellum lead to
regeneration of granule cells in a knife fish (Zupanc and Ott,
1999), and in the goldfish, serotonergic neurons regenerate after
a spinal lesion (Takeda et al., 2008).
Recently, the 2.5–4 cm long zebrafish has entered the stage as
a new model for studying CNS regeneration. Genetic tools that
have been applied to studies of zebrafish development are
now being deployed to facilitate studies of regeneration in adults
(Gemberling et al., 2013; Grandel and Brand, 2013). Unlikemam-
mals (Cregg et al., 2014), zebrafish do not form a glial scar that
inhibits axonal regeneration, rather, they restore tissue integrity.
Indeed, stab lesions to the telencephalon, transection of the spi-
nal cord, and retinal injury lead to scarless healing in zebrafish
(Baumgart et al., 2012; Kroehne et al., 2011; Lenkowski et al.,
2013; Ma¨rz et al., 2011; Reimer et al., 2008). For example, thetransected spinal cord of adult zebrafish fuses again, likely medi-
ated by dedifferentiating glial cells (Goldshmit et al., 2012). How-
ever, the lesion site remains as a narrow tissue bridge,
comprised mostly of regenerated descending axons and glial
cells, which make contact with the caudal spinal cord (Reimer
et al., 2008). Hence, at the tissue level, the zebrafish CNS is re-
paired after a lesion.
Different types of neurons regenerate in the zebrafish CNS
environment. For example, regeneration of all major retinal cell
types is observed after cytotoxic, mechanical, and light lesion
of the retina (Goldman, 2014) and parvalbuminergic and other
neurons regenerate after stab or neurotoxic lesions of the telen-
cephalon (Kroehne et al., 2011; Ma¨rz et al., 2011; Skaggs et al.,
2014). In the spinal cord, dorsal Pax2 expressing interneurons,
V2 interneurons, motor neurons, and serotonergic interneurons
are all generated in a spinal region adjacent to a complete spinal
transection site (Kuscha et al., 2012a, 2012b; Reimer et al., 2008)
or crush injury (Hui et al., 2010). The new neurons likely replace
neurons that are lost as an effect of the nearby lesion.
The Porridge Pot, What Is the Identity of CNS Stem/
Progenitor Cells?
In the anamniote brain and spinal cord, a special type of cell has
been identified as the source of new neurons. These cells span
the entire width of the brain (Berg et al., 2011; Dirian et al.,
2014) or spinal cord (Reimer et al., 2008, 2009), with a soma
contributing to the ependymal lining of the ventricle and long
radial processes that abut the pial surface with endfeet-like
structures (Figure 2). Most radial cells express the astrocyte
markers glial fibrillary acidic protein (GFAP), glutamine synthase
and aquaporin 4, have highly branched processes and thus likely
fulfill astrocytic functions (see Figure 3), such as sealing the
blood-brain barrier or regulating glutamate and ion homeostasis
in the brain (Grupp et al., 2010). The radial morphology and
expression of astrocyte markers makes these cells similar to
radial glia, progenitor cells in the CNS of developing mammals
(Malatesta et al., 2000; Miyata et al., 2001; Noctor et al., 2001;
Taverna et al., 2014). However, contrary to radial glia, these cellsDevelopmental Cell 32, February 23, 2015 ª2015 Elsevier Inc. 517
Table 1. Regeneration-Associated Cellular Events and Molecular Signals for Different Experimental Models
Model
Regenerated Neuron
Types
Network Integration/
Return of Function
Initiating/Promoting
Factors
Stopping/Attenuating
Factors Regeneration-Specific?
Amphibian tail
ablation
entire spinal cord normal movement
restored
Fgf, RA, Bmp, Notch
signaling
– sox2 in ERGs only
required for regeneration
Salamander
dopaminergic
cell ablation
dopaminergic neurons axon regrowth,
amphetamine-induced
locomotion restored
reduced dopamine
levels, Shh signaling
restored dopamine
levels
–
Knife fish tail
ablation
specialized electric
motor neurons
return of
electrosensation
– – –
Zebrafish
telencephalon
stab lesion
parvalbuminergic
neurons
SV2+ puncta on
neurons, commissural
axon growth
microglia-derived
factors (leukotriene C4
and Cxcr signaling),
Notch signaling
ERG proliferation
attenuated by id1
regeneration-specific
role of gata3
Zebrafish spinal
cord transection
motor neurons,
serotonergic neurons,
V2 interneurons,
Pax2+ interneurons
SV2+ puncta on motor
neurons, growth of
motor axons into
muscle periphery
microglia (?), Shh, Fgf,
RA (?), dopamine
Notch signaling regeneration-specific
expression of Notch
ligands
(?) denotes not yet functionally tested.
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cord they contribute to the ependyma and may possess motile
cilia (L. Saude, personal communication; see Becker and Diez
del Corral, 2015). We therefore designated these cells in adult
anamniotes ‘‘ependymo-radial glia (ERG)’’ (Reimer et al.,
2008). ERGs have also been described as ‘‘radial glia’’ (Fei
et al., 2014; Kroehne et al., 2011), ‘‘tanycyte’’ (Reichenbach
and Wolburg, 2013), or ‘‘ependymoglia’’ (Kirkham et al., 2014).
Are ERGs stem cells; i.e., do they self-renew and give rise to
different neural cell types? Given that there are constitutively
active neurogenic zones in the unlesioned CNS of anamniotes,
and the fact that upon proliferation and regeneration of CNS tis-
sue ERGs are not consumed, it is possible that at least some of
these cells represent true stem cells (Adolf et al., 2006; Chapou-
ton et al., 2010; Grandel et al., 2006). Indeed, clonal analysis of
ERGs using viral vectors in constitutively active neurogenic
zones in the telencephalon of adult zebrafish has shown that
these cells display key features of stem cells, namely, self-
renewal and generation of different cell types (Rothenaigner
et al., 2011). These cells can also be labeled by a pulse of bromo-
deoxyuridine, indicating that they divide, and some of these cells
retain the label for long times. This indicates their slow prolifera-
tive activity, which is another feature of stem cell identity
(Grandel et al., 2006). However, a constitutively active non-radial
stem cell-like cell type at the lateral edge of the telencephalon of
adult zebrafish generates neurons and ERGs leading to expan-
sion of the lateral pallium. These cells differ in their dependence
on Notch signaling frommedial progenitor cells (de Oliveira-Car-
los et al., 2013; Dirian et al., 2014). Similar non-radial progenitor
cells exist at the ciliary margin of the zebrafish retina and the
caudal edge of the optic tectum, which are constitutively active
growth zones (Johns, 1977; Lindsey et al., 2014). It will be inter-
esting to find out if and how these non-radial cells differentially
contribute to neuronal regeneration; e.g., after a telencephalon
lesion.
The evidence that ERGs in anamniotes are the source for re-
generated neurons stems from the observation that these cells
start to proliferate or strongly increase their proliferation after a518 Developmental Cell 32, February 23, 2015 ª2015 Elsevier Inc.lesion and from lineage tracing experiments in which new neu-
rons retain fluorescent reporters. For example, in constitutively
active proliferation domains in the telencephalon of salaman-
ders, fast proliferating ERGs are present, whereas in non-consti-
tutively active regions, slow proliferating ERGs are observed.
After ablation of cholinergic cells, fast proliferating ERGs were
also observed in non-constitutively active zones (Kirkham
et al., 2014). Hence, it is possible that some ERGs are slow prolif-
erating stem cells, which after a lesion can generate fast-prolifer-
ating ERGs, which in turn give rise to neurons after a lesion. This
would be similar to fast proliferating ‘‘transit amplifying‘‘ cells in
mammals, which derive from stem cells, proliferate quickly for
a finite number of times, and give rise to neuroblasts (Ihrie and
Alvarez-Buylla, 2011).
Electroporation of lineage tracing plasmids into salamander
midbrain ERGs showed that these gave rise to new dopami-
nergic, tyrosine hydroxylase (TH) expressing neurons after dopa-
minergic cells had been specifically ablated (Berg et al., 2010).
During epimorphic tail regeneration in salamanders, ERGs,
labeled by dye or electroporation of a GFP expression plasmid,
generated neurons in the spinal cord, but also gave rise to tis-
sues outside the CNS (Benraiss et al., 1999; Echeverri and
Tanaka, 2002; Zhang et al., 2003). Moreover, neurospheres
derived from single spinal cord cells contribute to regeneration
of a variety of cell types upon transplantation into a regenerating
tail, suggesting the presence of multi-potent stem cells in the
salamander spinal cord that contribute to the regenerate
(McHedlishvili et al., 2012).
Genetic lineage tracing of the regenerated progeny of ERGs
has been achieved in stably transgenic zebrafish. In the stab
lesion paradigm of the telencephalon in adult zebrafish, tamox-
ifen-inducible Cre was put under the control of the regulatory se-
quences of the Notch target gene her4 (hes5 in mammals), which
specifically shows increased expression in ERGs after a lesion. A
second construct brings a fluorescent reporter under the control
of a heat-shock promoter, to temporally control reporter expres-
sion, only after Cre induced recombination. Tamoxifen applica-
tion after a lesion leads to permanent marking of the progeny
Figure 2. ERGs Are Present in Different CNS Areas of Anamniotes
ERGs have a ciliated soma contacting the central canal, a radial process spanning the width of the brain, and pial endfeet. Note that in the fish telencephalon,
somata are positioned on the ‘‘outside’’ of the brain due to an eversion of the tissue during development.
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neurons are regenerated from ERGs after telencephalon lesion
(Kroehne et al., 2011). In the lesioned spinal cord of olig2:GFP
transgenic zebrafish, newly formed motor neurons, identified
by HB9 immuno-labeling, close to the ventricle are also labeled
for GFP, which they retain from their olig2:GFP expressing
ERG progenitors. The lesioned spinal cord of zebrafish also con-
tains slow proliferating, label-retaining ERGs (Reimer et al.,
2008). These observations show that ERGs are a major source
of regenerated neurons in the lesioned CNS.
Even though ERGs appear similar in morphology throughout
the CNS, there are regional differences in their gene expression
and types of their neuronal progeny. These differences can be
traced back to development. In the developing vertebrate spinal
cord, the neuroepithelial progenitor cells express different com-
binations of transcription factors, which are in part determined
by diffusible hedgehog signals from the ventral midline. For
example, in a medio-lateral position, the motor neuron progeni-
tor (pMN) domain, which uniquely expresses the transcription
factor olig2, generates motor neurons in response to hedgehog
signaling (Briscoe and Novitch, 2008). ERGs in the adult sala-
mander and zebrafish spinal cord display dorso-ventral tran-
scription factor identities that reflect those of neuroepithelial
cells in the neural tube during development. It is therefore likely
that ERGs are the adult equivalent of neuroepithelial cells. In
the axolotl, sonic hedgehog is expressed in ERGs at the most
ventral aspect of the spinal cord and pax7 at the most dorsal
aspect, with Pax6 taking an intermediate location (Schnapp
et al., 2005).
In zebrafish spinal cord, this is similar, at least for its ventral
aspect (Reimer et al., 2008, 2009). Overlap of expression of tran-
scription factors nkx6.1, pax6, and olig2 in ERGs in exactly the
same pattern as in the developing neural tube defines an adult
pMN-like domain, which produces motor neurons during regen-
eration. Just dorsal to the pMN-like domain, so-called V2 inter-
neurons, expressing the marker vsx1, and ventral to the pMN-
like domain, serotonergic neurons appear to emerge from the
ERG cell layer (Figure 3) (Kuscha et al., 2012a, 2012b; Reimer
et al., 2008). In the post-embryonic zebrafish spinal cord, medial
dbx1-expressing ERGs also exhibit a neurogenic response to
injury (Briona and Dorsky, 2014). This suggests that different
post-embryonic and adult progenitor cells in the spinal cord
regenerate different types of neurons, dictated by the develop-
mental origin of the ERGs. This likely applies also to other regionsof the CNS, for example to the aforementioned different progen-
itor cells in medial and lateral pallium of the zebrafish telenceph-
alon (de Oliveira-Carlos et al., 2013; Dirian et al., 2014). However,
whether these regional differentiation programs can be altered
for individual ERGs by changing environmental signals has not
been explored.
Are there other potential stem/progenitor cells in anam-
niotes? In general, in the anamniote brain, there are no stellate
astrocytes without ventricular contact, which could act as pro-
genitors. It has been hypothesized that this is related to the
relatively small brain sizes of these animals, such that the entire
width of the brain can be spanned by ERGs without compro-
mising metabolic function of the cells, obviating the need for
stellate astrocytes (Reichenbach et al., 1987). The regenerative
potential of other proliferative cell types, such as oligodendro-
cyte progenitor cells (Crawford et al., 2014; Nishiyama et al.,
2014) or pericytes (Go¨ritz et al., 2011) has not been explored
in anamniotes. Hence, present evidence suggests that ERGs
are the major contributing cell type to neuronal regeneration
in anamniotes.
Little Pot, Cook! What Are the Regeneration Signals?
What are the signals that act on ERGs to initiate, promote, but
also limit neuronal regeneration in anamniotes? First, it is impor-
tant to distinguish between constitutive adult neurogenesis,
which could compensate for the loss of neurons over time and
true lesion-induced regeneration of neurons. If constitutive neu-
rogenesis compensates for a loss of tissue/cells, ongoing neuro-
genesis could simply replenish neurons over time without any
changes in proliferation or gene expression, or proliferation
‘‘just’’ needs to be intensified. Clearly, certain areas of the CNS
in anamniotes grow throughout life, such as the retina and the
corresponding target area, the optic tectum,which add new cells
at their circumference (Cerveny et al., 2012; Schmidt and Roth,
1993). Other defined neurogenic zones in the unlesioned brain,
similar to, albeit more numerous than those in adult mammals,
constantly generate neurons (Adolf et al., 2006; Berg et al.,
2010; Chapouton et al., 2006; Ja´szai et al., 2013; Kaslin et al.,
2009). However, there are clear examples showing lesion-
induced proliferation and either regeneration-specific gene
expression or re-expression of developmental gene expression
programs in normally quiescent ERGs.
Genetic deletion of the neural stem cell factor sox2 does not
impair spinal cord development in the axolotl, but impairsDevelopmental Cell 32, February 23, 2015 ª2015 Elsevier Inc. 519
Figure 3. Distinct Domains of ERGs in the
Adult Zebrafish Spinal Cord Give Rise to
Different Types of Neurons after a Lesion
In a spinal cross section, olig2:Ds-Red expressing
ERGs are depicted by arrows (non-ERGs are also
labeled) and schematically depicted within their
specific domain. Domains are defined by expres-
sion of combinations of transcription factors in
ERGs. After a lesion, these give rise to the types of
neurons indicated. olig2:Ds-Red expressing ERGs
are distinct from gfap:GFP expressing ERGs.
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2014), demonstrating that sox2 expression is only essential for
regeneration. sox2 is also important for spinal cord regeneration
in larval Xenopus (Gaete et al., 2012) and lesion-induced ERG
proliferation in the adult lesioned zebrafish spinal cord (Ogai
et al., 2014).
Upon a mechanical lesion of the telencephalon in zebrafish,
many more ERGs are proliferative than in the unlesioned brain
and, importantly, start to express a transcription factor, gata3,
which is only expressed by ERGs during regeneration, but not
during developmental or adult constitutive neurogenesis. Ven-
tricular injection of anti-sense morpholino oligonucleotides to
gata3 reduces lesion-induced neurogenesis. However, overex-
pression in the unlesioned brain had no effect, indicating that
gata3 is necessary, but not sufficient, for regenerative neurogen-
esis (Kizil et al., 2012b).
Furthermore, the brainstem and spinal cord appear relatively
quiescent in zebrafish apart from occasional divisions at the
central canal (Reimer et al., 2008), also found in mammals (Me-
letis et al., 2008). However, after a lesion, this proliferation is
dramatically increased and developmental signaling pathways,
including Notch signaling, are re-deployed. Expression of Notch
ligands, receptors, and downstream genes are detectable only
during spinal regeneration, but not in the unlesioned adult spinal
cord. The Notch ligands that are expressed during regeneration
differ from those that are expressed during development; e.g.,
deltaC is expressed in the regenerating, but not the developing
spinal cord (Dias et al., 2012). These examples indicate lesion-
triggered ERG proliferation and gene-expression that is
specifically deployed during regeneration. Hence, regenerative
neurogenesis appears inherently different from constitutive neu-
rogenesis in the anamniote CNS.
How, Then, Do the ERGs ‘‘Notice’’ the Damage in the
First Place?
A lesion generatesmechanical stress and often damages the intri-
cate processes of ERGs and thus, conceivably, may directly
initiate a regenerative response from these cells (Franze et al.,
2013). It has been shown in larval zebrafish that there are chemical
signals released by an injury to the CNS, such as glutamate and
ATP from damaged neurons that inducewaves of calcium activity
in the surrounding tissue (Herrgen et al., 2014; Sieger et al., 2012),
which may include ERGs, and thus trigger a regeneration pro-
gram. This could be similar to calcium waves in radial glia cells
in the cortex of developing mammals (Weissman et al., 2004).520 Developmental Cell 32, February 23, 2015 ª2015 Elsevier Inc.The above injury processes also attract
microglia/macrophages to the injury site
(Sieger et al., 2012). These phagocyticcells of the innate immune system are activated, for example,
after toxin-induced ablation of dopaminergic neurons in the sal-
amander midbrain (Kirkham et al., 2011), and after mechanical
CNS lesions of the telencephalon (Baumgart et al., 2012; Kyritsis
et al., 2012) and spinal cord in zebrafish (Becker and Becker,
2001). Microglia/macrophages are known to release a host of
diffusible molecules that could signal to ERGs. Indeed, if the im-
mune response is dampened in adult zebrafish using bath appli-
cation of dexamethasone prior to lesion, neuronal regeneration
is impaired. Remarkably, eliciting a microglia/macrophage reac-
tion in the absence of a lesion, using injections of the glucan
Zymosan to cause sterile inflammation, was sufficient to in-
crease proliferation of ERGs and generation of new neurons.
Increased neurogenesis was also achieved by injecting leuko-
triene C4, a potentially microglia/macorphage-derived signal.
ERGs express leukotriene receptors (Kyritsis et al., 2012). Func-
tional involvement of the cytokine receptor Cxcr5 in neuronal
regeneration in the zebrafish telencephalon further supports a
role of the immune system in stimulating regeneration (Kizil
et al., 2012a). This suggests a scenario in which microglia/mac-
rophages sense the damage and signal to ERGs to elicit a regen-
erative response. However, a sustained microglia response may
be detrimental to newly generated neurons, as suppressing the
sustained microglia response during dopaminergic cell regener-
ation in the salamander midbrain increased survival of newly
formed dopaminergic neurons (Kirkham et al., 2011). Recent
expression profiling of the lesioned spinal cord in adult zebrafish
indicated a number of other microglia/macrophage related sig-
nals to be upregulated after injury, supporting a role for the im-
mune system in spinal cord regeneration (Hui et al., 2014). It
has to be noted that triggering an immune response with
Zymosan is insufficient to induce expression of id1, a regulator
of neurogenesis, suggesting a multitude of signals triggering
regeneration (Rodriguez Viales et al., 2014).
Future experiments will shed light on the role of cells of the
innate immune system; e.g., invading neutrophils and macro-
phages (Keightley et al., 2014) and the adaptive immune system;
e.g., B and T cells (Iwanami, 2014; Langenau et al., 2003) in re-
generating and maintaining populations of new neurons and
how this changes over time in successful neuronal regeneration
in anamniotes.
Regeneration cannot only be triggered by lesion-induced pos-
itive signals, but also by the reduction of negative signals that
keep neurogenesis in check during homeostasis. In the
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midbrain dopaminergic neurons. Blocking dopamine signaling
with the drug haloperidol alone is sufficient to trigger generation
of supernumerary dopaminergic neurons (Berg et al., 2011,
2013). ERGs, which express dopamine receptors, change prolif-
eration patterns in accordance with the influence of manipula-
tions on the number of dopaminergic neurons, suggesting that
numbers of dopaminergic neurons are regulated at the level of
ERG proliferation. Conceptually, this means that neurotrans-
mitter levels of a certain cell type, in this case dopamine for
dopaminergic cells, can homeostatically control generation of
these neurons. Similar negative feedback is found in the consti-
tutively active neurogenic subventricular zone of adult mammals,
where g-aminobutyric acid release from newly formed neuro-
blasts directly controls proliferation of progenitor cells (Liu
et al., 2005). It will be interesting to determine whether other
neuronal cell types provide similar negative feedback for their
own regeneration in the adult CNS.
How Is the Regenerative Response Promoted and
Sustained?
Expression profiling of lesioned tissue has indicated that some of
the signaling pathways necessary to generate CNS tissues and
neurons during development are re-deployed in regeneration
(Berg et al., 2010; Hui et al., 2014; Monaghan et al., 2007; Walder
et al., 2003). For example, hedgehog is a developmental
morphogen andmitogen, and epimorphic tail regeneration in sal-
amanders fails when hedgehog signaling is blocked (Schnapp
et al., 2005). In the salamander midbrain, hedgehog signaling
is reactivated in ERGs after dopaminergic cell ablation and is
functionally important for dopaminergic cell regeneration, as
shown by pharmacological inhibition using cyclopamine (Berg
et al., 2010).
In the lesioned spinal cord of zebrafish, ventral midline ERGs
upregulate sonic hedgehog, and adjacent pMN-like progenitors
re-express patched 2 (formerly designated patched 1), a down-
stream gene of hedgehog signaling. Cyclopamine-mediated in-
hibition of hedgehog signaling impairs regeneration of motor
neurons (Reimer et al., 2009) and serotonergic neurons (Kuscha
et al., 2012a). This indicates a pivotal role for the hedgehog
pathway in neuronal regeneration.
Another important signaling pathway during development is
fibroblast growth factor (Fgf) signaling. Augmenting Fgf signaling
accelerates tail regeneration in salamanders (Zhang et al., 2000).
In the stab-lesioned telencephalon of zebrafish, blocking Fgf
signaling by overexpressing a dominant-negative Fgf receptor
inhibits the expression of the regeneration-specific transcription
factor gata3 (Kizil et al., 2012b), and inhibition of Fgf signaling im-
pairs regeneration of the cerebellum in larval zebrafish (Ko¨ster
and Fraser, 2006). In the transected spinal cord of adult zebra-
fish, pharmacological and genetic manipulations of Fgf signaling
have demonstrated that proliferation of ERGs, as well as elonga-
tion and bridge formation by these cells to reconnect rostral and
caudal spinal cord, depend on Fgf signaling (Goldshmit et al.,
2012).
Retinoic acid signaling is also important for the development
of the spinal cord and inhibiting RA signaling impairs tail regen-
eration in salamanders (Carter et al., 2011). Activating the bone
morphogenetic protein (Bmp) or the Notch pathways down-
stream of Bmp signaling are necessary for Xenopus larval spinalcord regeneration and experimental activation of either pathway
overcomes the inability of the spinal cord to regenerate during
the refractory period (Beck et al., 2003). Notch signaling also en-
hances neurogenesis in the stab-lesioned zebrafish telenceph-
alon, indicated by the observation that neurogenesis was
diminished when Notch signaling was inhibited with an inhibitor
of gamma-secretase, which is necessary for Notch activity (Kish-
imoto et al., 2012).
Recently, it was shown that neurogenesis in the developing spi-
nal cord of zebrafish is controlled by dopamine signaling derived
from descending axons from the diencephalon. Dopamine acts
on the G protein-coupled D4a receptor and activates the hedge-
hog pathway via suppression of cyclic AMP/protein kinase A
signaling (Reimer et al., 2013). This is recapitulated after a spinal
lesion in adults, when spinal ERGs re-express the D4a receptor.
After a lesion, dopaminergic axons degenerate caudal to a spinal
lesion site, but remain and even sprout rostral to it (Kuscha et al.,
2012a). This is paralleled by the regeneration of at least twice as
many motor neurons rostral to the lesion site than caudal to it.
Consequently, experimental ablation of the remaining dopami-
nergic axons rostral to the lesion site using 6-hydroxydopamine
reduced the number of new motor neurons rostral to the lesion
site. Conversely, injection of a dopamine agonist can replace
the loss of endogenous dopaminergic axons caudal to the lesion,
leading to increased motor neuron generation.
Hence, developmental pathways, such as hedgehog, Fgf, RA,
Notch, and dopamine signaling are re-deployed during regener-
ation in different systems. However, Fgf-dependent activation of
the regeneration-specific gene gata3 indicates that downstream
mechanisms in these pathways are not always a faithful recapit-
ulation of development.
Little Pot, Stop! What Limits Regeneration?
While dopamine promotes regeneration in the spinal cord of
adult zebrafish, it provides negative feedback for the regenera-
tion of dopaminergic neurons after selective ablation in the sala-
mander midbrain, as discussed above (Berg et al., 2011). Thus,
while the loss of dopamine after ablation of dopaminergic cells
triggers regeneration of these neurons, replenished dopamine
levels from newly generated dopaminergic neurons may termi-
nate the regeneration process. This is supported by the observa-
tion that the application of the dopamine precursor L-dopa
inhibits regeneration of dopaminergic neurons (Berg et al., 2011).
After a spinal lesion in zebrafish, the Notch signaling pathway
is activated in pMN-like ERGs duringmotor neuron regeneration.
These ERGs upregulate expression of the receptor notch1b and
the downstream gene her4.1. Inhibiting gamma-secretase activ-
ity with the pharmacological gamma-secretase inhibitor DAPT
increased numbers of regenerated motor neurons, contrary to
observations in the telencephalon (Kishimoto et al., 2012).
Conversely, over-activation of the Notch pathway by heat-shock
driven conditional overexpression of the constitutively active
intracellular Notch fragment in ERGs in transgenic animals
almost completely inhibited motor neuron regeneration. Hence,
Notch signaling attenuates motor neuron regeneration (Dias
et al., 2012). This shows that a lesion activates a signaling
pathway that attenuates neurogenesis in a system that shows
successful regeneration, which is perhaps counterintuitive.
Similarly, another negative regulator of neurogenesis, id1, is
upregulated after injury of the adult zebrafish telencephalon.Developmental Cell 32, February 23, 2015 ª2015 Elsevier Inc. 521
Figure 4. Summary Chart of ERG Function during Neuronal
Regeneration
ERGs may be derived from stem cells, have self-renewing capacity, and give
rise to different types of neurons. Signals from the immune system promote
these processes and developmental signals are re-deployed during regener-
ation. The latter may promote or inhibit ERG activity, depending on CNS
region.
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attenuated proliferation of ERGs and knock down by ventricular
morpholino injection enhanced proliferation and neurogenesis,
indicating that id1 promotes quiescence in ERGs, similar to
mammals. Id1 function may converge on the Notch pathway
as it binds to Notch downstream factors, such as Her4.1 protein
(Rodriguez Viales et al., 2014).
Despite these control mechanisms, not all regenerative neuro-
genesis appears to be very precise. In the lesioned zebrafish spi-
nal cord, serotonergic neurons are regenerated in a number that
is 5-fold higher than in unlesioned animals, which is later pruned
to numbers that are similar to those found in unlesioned controls
(Kuscha et al., 2012a). Similarly, about 1,000 HB9 positive motor
neurons are regenerated within 1,500 mm around a spinal lesion
site by 14 days after the lesion, but only about 120 mature
Choline acytlytransferase expressing motor neurons are found
at 42 days post-lesion (Reimer et al., 2008).
This begs the question whether the neurons that are regener-
ated are of the same type as those that are lost after an injury,
limiting generation to those neurons that are ‘‘needed.’’ Alterna-
tively, once triggered, all ERGs could generate all cell types that
they are capable of, and the number of neurons of different types
is later pruned depending on the capacity of the tissue to inte-
grate these new neurons. This has been addressed in a cell-
type-specific ablation paradigm in the salamander midbrain
(Berg et al., 2013). Specific toxin-mediated ablation of cholin-
ergic neurons leads to regeneration of these neurons. However,
this is not influenced by increasing dopamine signaling with
L-dopa, which attenuates generation of dopaminergic neurons
from ERGs (Berg et al., 2013). This suggests that the loss of
dopaminergic neurons, and hence reduced dopamine levels,
are a specific signal for the regeneration of this cell type, but
does not influence regeneration of other neuronal cell types.
The signals acting on ERGs during regeneration are summarized
in Figure 4.
Does Regeneration of Neurons Lead to Their Network
Integration and Functional Recovery?
For functional regeneration, new neurons must fully mature, that
is they must express appropriate neurotransmitters. Moreover,
new neurons must be able to send axons over distances that522 Developmental Cell 32, February 23, 2015 ª2015 Elsevier Inc.are potentially much greater than during developmental growth
to reach distant targets. For example, long projection neurons,
such as retinal ganglion cells and brainstem neurons projecting
to the spinal cord, are capable of such axon growth after axot-
omy, using molecular guidance cues for axonal navigation
(axonal regeneration is reviewed in Becker and Becker, 2014;
Lee-Liu et al., 2013; Vajn et al., 2013). Finally, newly generated
neurons need to synaptically integrate into the existing neuronal
network.
After 6-hydroxydopamine mediated ablation of TH expressing
neurons, new TH expressing mature dopaminergic neurons
regenerate in the salamander midbrain (Berg et al., 2010). These
neurons show extensive growth of axons, similar to the pattern in
unlesioned animals. Functionality of regenerated dopaminergic
neurons in salamanders can be tested by amphetamine applica-
tion, which leads to locomotor hyperactivity by increasing dopa-
mine release. This amphetamine response is abolished after
toxin-mediated ablation of dopaminergic neurons and is
restored when dopaminergic neurons are replenished. This sug-
gests that regenerated dopaminergic neurons make a functional
contribution to the CNS (Berg et al., 2010).
After a telencephalic stab lesion in zebrafish, some new neu-
rons acquire a mature parvalbuminergic phenotype (Kroehne
et al., 2011). Newly generated neurons extend long commissural
processes, which may be important for recovery of function after
the lesion (Skaggs et al., 2014). Furthermore, newly generated
neurons are decorated with SV2+ boutons, indicating that these
neurons may receive synaptic input (Kroehne et al., 2011). How-
ever, regeneration of function after telencephalon lesion has not
been directly addressed.
In the lesioned spinal cord of zebrafish, newly generated neu-
rons express the neurotransmitter serotonin (Kuscha et al.,
2012a) or the mature motor neuron marker Choline acetyltrans-
ferase (Reimer et al., 2008). Motor neurons in the spinal cord
are decorated with SV2+ boutons, indicating that these neurons
may receive synaptic input (Reimer et al., 2008). Regenerated
motor neurons in the spinal cord of zebrafish can be retrogradely
traced from the muscle periphery, suggesting that at least some
of these grow an axon out of the ventral roots, a prerequisite for a
functional motor neuron (Reimer et al., 2008). However, the
contribution of new neurons to functional recovery is difficult to
discern. Recovery after spinal lesion appears to depend mostly
on regenerating descending axons (Becker et al., 2004), rather
than on numbers of newly generated spinal neurons (Dias
et al., 2012). Using expression profiling, a number of genes
have been found to be upregulated in spinal ERGs after a lesion,
such as hmgb1, syntenin-a, contactin-2,major vault protein, and
sox11b (Fang et al., 2014; Guo et al., 2011; Lin et al., 2012; Pan
et al., 2013; Yu and Schachner, 2013). Morpholino application to
the spinal cord impaired regrowth of descending axons and
locomotor recovery. The morpholinos are retrogradely trans-
ported to the brainstem neurons with descending axons, where
these morpholinos affect gene expression (Becker et al., 2004),
such that a functional role of spinal ERGs cannot be distin-
guished. Genetic ablation paradigms of specific spinal neurons,
leaving the supraspinal projection axons intact, can address the
contribution of regenerated neurons to recovery of function.
A contribution of new neurons to functional recovery can be
observed in other systems. For example, there is recovery of
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regeneration of a 2–4 millimeter portion of spinal cord. However,
as above, regrowth of descending axons probably has a major
impact on recovery (Butler and Ward, 1967). Regenerated elec-
tric neurons after epimorphic tail regeneration in the knife fish
Apteronotus leptorhynchus are functional, as these are capable
of generating an electric field again, which is necessary for prey
detection (Sıˆrbulescu et al., 2009).
What Is the Relevance to Mammalian Regeneration?
In humans, function loss after brain injury is often related to axon
tracts being severed. A spinal cord injury will lead to the estab-
lishment of a glial scar, which contains chondroitin sulfate pro-
teoglycans that inhibit axon regrowth together with myelin-
derived inhibitors. Limited functional regeneration can be
induced inmammals by neutralizing these inhibitors, which allow
axon regrowth (Alilain et al., 2011; Bradbury et al., 2002; Lang
et al., 2014; Lindau et al., 2014). Progenitor cells in the adult
CNS contribute to the inhibitory environments by generating
scar cells instead of neurons lost after the injury (Meletis et al.,
2008). However, transplanted neural stem cells can form long-
distance projections and synaptic contacts (Lu et al., 2012).
Hence, being able to direct the progeny of these progenitors to-
ward neuronal differentiation could reduce scarring and improve
recovery in the CNS at the same time.
In neurodegenerative diseases, endogenous progenitors do
not replace lost neurons. However, in models of Parkinson’s dis-
ease, transplanted fetal dopaminergic neurons, as well as em-
bryonic stem cell and iPS cell-derived dopaminergic neurons
can rescue functional deficits (Abbott, 2014; Hargus et al.,
2010; Rhee et al., 2011). Fetal transplants can also be successful
in humans and support functional improvements for almost two
decades of life (Kefalopoulou et al., 2014).
Embryonic stem cell-derived motor neurons can integrate into
the rat spinal cord that has been depleted of motor neurons and
can form neuromuscular junctions (Harper et al., 2004). Similarly,
motor neurons derived from the embryonic ventricular zone of
the mouse spinal cord can integrate and form neuromuscular
junctions in a mouse model of the motor neuron disease spinal
muscular atrophy (Corti et al., 2009). These examples suggest
that the adult mammalian CNS is to some extent capable of func-
tionally integrating new neurons, but progenitors fail to generate
appropriate cells for endogenous repair.
Is there an equivalent of ERGs, the important progenitor cells in
anamniotes, in mammals? In the adult ventral hypothalamus in
mammals, tanycytes are found. These cells have a similar radial
morphology as ERGs in anamniotes. Next to importantmetabolic
roles, these cells also express progenitor markers, such as Nes-
tin, and act as neural progenitor cells. This has been shown by
genetic lineage tracing (Kokoeva et al., 2005; Lee et al., 2012).
In the neurogenic subventricular zone in the mouse telenceph-
alon, some ependymal cells and astrocytes, which represent
stem/progenitor cells, can change fate from one type to the other
without cell division. This underscores the similarity between as-
trocytes and ependymal cells in mammals (Nomura et al., 2010).
Upon an injury to the cerebral cortex in mice, astrocytes prolifer-
ate and exhibit stemcell characteristics in vitro, which depend on
hedgehog signaling (Sirko et al., 2013), the same signal shown to
be pivotal for regeneration in anamniotes (see above).Intriguingly, in the spinal cord of mice, ependymal cells lining
the spinal central canal also have radial processes, which, how-
ever, do not span the entire spinal cord. These cells proliferate
after a lesion and only give rise to glial cells in vivo, but are
able to generate neurons in vitro or when transplanted to natu-
rally neurogenic areas in the adult CNS (Barnabe´-Heider et al.,
2010; Meletis et al., 2008; Shihabuddin et al., 2000). The central
canal region of the adult human spinal cord also harbors cells
that give rise to neurons in vitro (Dromard et al., 2008). This sug-
gests that these cells could produce neurons after an injury, but
that most regions of the adult CNS in mammals do not support a
neurogenic phenotype.
The glial cells generated from ependymal cells in the mamma-
lian spinal cord contribute to inhibitory scar tissue; in zebrafish,
ERG-derived glial cells elongate and bridge the severed ends
of the spinal cord in an Fgf-dependent fashion. Cultured glial
cells of mice also elongate under the influence of Fgf signaling,
pointing to similarities of mammalian and zebrafish glial cells in
their reaction to Fgf (Goldshmit et al., 2012).
In zebrafish, the transcription factor ascl1 is of pivotal impor-
tance in retinal progenitor cells, the Mu¨ller cells, for regeneration
of neurons (Ramachandran et al., 2011). Forced expression of
Ascl1 in Mu¨ller cells of mice also induces a limited amount of
neuronal regeneration there (Pollak et al., 2013). Ascl1 is also
pivotal for constitutive neurogenesis in the adult brain of mam-
mals (Andersen et al., 2014). This suggests that knowledge of
key transcription factors for regeneration in anamniotes applies
to mammals.
The Notch pathway is upregulated after a spinal lesion in ERGs
in zebrafish (Dias et al., 2012) and ependymal cells in rats (Yama-
moto et al., 2001) and acts inhibitory on neurogenesis in both
systems. Similarly, suppressing Notch activity in the lateral ven-
tricles of themouse brain induces neurogenesis from ependymal
cells there. Of note, this depletes ependymal cells, ultimately de-
stroying the ventricle, indicating that ependymal cells do not act
as stem cells in this context (Carle´n et al., 2009).
Similar to the pro-regenerative effect of dopamine on motor
neuron generation in zebrafish (Reimer et al., 2013), in adult
mammals, dopamine, serotonin, and other neurotransmitters
promote neurogenesis in constitutively active neurogenic zones
(Berg et al., 2013). Overall, these examples show that upon
closer inspection, unexpected similarities in cell types and sig-
nals can be observed between regenerating and non-regenerat-
ing vertebrates.
Overall Conclusion and Future Challenges
Because of their robust regenerative powers and the availability
of a wide array of molecular-genetic tools, such as expression
profiling (Hui et al., 2014; Sehm et al., 2009), genetic cell ablation
(Lambert et al., 2012; Reimer et al., 2013), lineage tracing
(Kroehne et al., 2011; Skaggs et al., 2014), and genome editing
(Auer and Del Bene, 2014; Fei et al., 2014), salamanders and ze-
brafish provide an ideal system for uncovering mechanisms
regulating CNS regeneration. Unbiased analyses of lesion-
induced gene regulation will help to elucidate the contribution
of known developmental signaling pathways, as well as un-
known signals to successful neuronal regeneration. Genetic line-
age tracing will elucidate the full regenerative potential of ERGs
and other progenitors. Clonal analysis of the progeny ofDevelopmental Cell 32, February 23, 2015 ª2015 Elsevier Inc. 523
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cific promoters could answer the questions which cell types
individual ERGs generate after a lesion and how flexible this
program is, depending on which cell type is ablated. Targeted
genetic ablation of specific cell types, such as dopaminergic
(Lambert et al., 2012) or motor (Reimer et al., 2013) neurons,
will help to determine the specific signals that lead to the regen-
eration of these cells.
We expect that in the near future, detailed knowledge will be
thus accumulated on how regeneration-specific gene expres-
sion programs in ERGs intersect with re-deployed develop-
mental programs. It is likely that there is a limited number of
key, perhaps chromatin modifying genes, activity of which facil-
itates the conversion of adult quiescent ERGs to proliferating,
neuron-generating progenitor cells. Hence, important questions
to be answered are, How diverse are the signals instructing
ERGs to become active?; Does differential activation of ERGs
lead to different neuronal progeny?; and Do ERGs have a
restricted potential to make different neuronal cell types?.
Finally, more examples will emerge showing if and how new neu-
rons make a functional contribution to repairing the injured CNS.
Determining how anamniotes make their magic porridge pot—
the ERGs—start, sustain, and cease cooking new neurons after
injury may suggest strategies for directing progenitors toward
generating neurons in mammals.
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